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Abstract: Lingual orthodontics have become popular in modern society as they do not cause aesthetic impair-
ment. From the translational medicine point of view, the use of biomechanical analysis to solve a clinical problem 
has rarely been reported. Here, we combined the clinical trial and 3-D finite element (FE) method to translate the 
clinical problem to the FE analysis and back to clinic. Twenty upper premolar extraction cases treated with custom-
ized lingual appliances were recruited in this study. Cephalometric films and cast records analysis showed that 
the “bowing effect”, which is a major side effect in lingual orthodontics, occurred during the first treatment stage 
with single lingual cable retraction. In order to translate the problem to biomechanical research, we introduced the 
3-D finite element (FE) model of a customized lingual orthodontic system. The 3-D FE model including the maxilla, 
periodontal ligament (PDL), and dentition was constructed from human computed tomography data. The tendency 
of tooth movements in three dimensions and stress distribution in the PDL were analyzed by different mechanical 
loading methods. 3-D FE analysis confirmed the “bowing effects” and unexpected tooth movements with applica-
tion of single lingual retraction force. Interestingly, we found that applying forces on both buccal and lingual sides, 
called “double cable” mechanics, could prevent the “bowing effect”. For the clinical trial, we applied the “double 
cable” force during space closure stage for 4 months, and confirmed “double cable” mechanics could correct and 
prevent the “bowing effect” clinically. Based on our results, both buccal and lingual forces should be used during 
space closure in lingual orthodontics to prevent and correct the “bowing effect”. Moreover, the magnitude of buccal 
force should not be lower than the force on the lingual side. 

Keywords: Lingual orthodontics, orthodontic tooth movement, three dimensional finite element analysis, transla-
tional study

Introduction

The demand for aesthetic orthodontic appli-
ances has rapidly increased in recent years. 
Current options for aesthetic orthodontic appli-
ances include labial ceramic brackets, clear 
aligners, and lingual brackets. The lingual appli-
ances are the most aesthetic choice among 
these options [1, 2]. Lingual orthodontics (LiO) 
are becoming more popular in modern society 
due to their lack of aesthetic impairment, and 
patients prefer lingual appliances for their invis-
ibility. Although clear aligners are widely used 
by clinicians, they have difficulties in resolving 
severe cases. However, lingual orthodontics as 
an invisible fixed appliance, can resolve most of 

these severe cases [3]. Moreover, previous clin-
ical studies have demonstrated a reasonable 
acceptability in both the patients and doctors 
for lingual orthodontics [1, 4]. However, it is 
believed that various clinical and biomechani-
cal differences exist between the LiO and con-
ventional labial orthodontics (LaO) techniques, 
which can be attributed to many factors such 
as, differences in the position of brackets, 
reduced arch perimeter, and variations in the 
lingual anatomy. However, the detailed underly-
ing biomechanical mechanisms are not well 
understood. Also, some unexpected tooth mo- 
vements might be encountered during the tre- 
atment with these appliances [5, 6]. Particu- 
larly, during the space closure stage in lingual 
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orthodontics, unwanted lingual inclination, ex- 
trusion of anterior teeth, inter-bicuspid width 
expansion and inter-molar width contraction, 
i.e. the “bowing effect”, may occur [7]. A few 
specific techniques have been used in clinical 
situations to prevent these unexpected tooth 
movements. It was previously claimed that 
when force applied at both the buccal and lin-
gual sides, i.e. the “double cable” mechanics, 
the “bowing effect” could be avoided [7]. 
However, important questions like how to ap- 
ply these forces and how the “double cable” 
mechanics work have not been investigated in 
either biomechanical or clinical research. 

Finite element (FE) model methods have shown 
advantages in the biomechanical analysis of 
orthodontic tooth movement (OTM) [8, 9], whi- 
ch have been used in several studies for bio- 
mechanical research related to orthodontic 
tooth movement, such as torque control [10, 
11], arch expansion [12, 13], molar distaliza-
tion [14], use of microscrews [15, 16] and  
sliding mechanics in space closure for labial 
orthodontics [17]. Yet there are rare studies 
focusing on biomechanical research for lingual 
orthodontics. 

FE methods can quantify the stress and dis-
placement throughout the anatomy of a three-
dimensional structure and are proven to be 
effective and accurate methods for the simula-

Materials and methods

Patients recruitment and study design 

The study was designed as a pilot clinical trial 
using before and after self-control study. Pati- 
ents were recruited between December 2011 
to April 2012 at the department of orthodon-
tics, Peking University Hospital of Stomatology 
(Figure 1).

Four inclusion criteria were included: 1. Per- 
manent dentition without congenital missing 
tooth 2. Extraction of upper first premolars for 
the treatment need 3. Using customized ling- 
ual orthodontic appliance. 4. Adult patients.

Three exclusion criteria were included: 1. Mode- 
rate to severe periodontitis 2. Pregnant during 
the course of treatment 3. Patients with sys-
temic diseases. 

Twenty participants, none of which was a smo- 
ker, with upper premolar extraction were in- 
cluded in this study. The study protocol was 
approved by the Institutional Review Board of 
Peking University, Hospital of Stomatology (PK- 
USSIRB-2011019). All of the patients were fully 
informed and signed consent. This study was 
registered in Chinese Clinical Trial Registry 
Center (ChiCTR-ONB-17013261).

Figure 1. Flow chart show-
ing enrollment, study inclu-
sion, and data analysis.

tion and analysis of the appli-
cation of biomechanical forc-
es [3, 18-20]. Though there 
are many application poten-
tials for the FE methods in 
OTM, whether the findings 
can be translated into clinical 
situation still remains to be 
verified.

Thus, the purpose of this 
study is to evaluate the bio-
mechanical effects of “double 
cable” mechanics during the 
stage of space closure using 
3D finite element analysis. 
And we try to translate the FE 
analysis findings back to clini-
cal research through con- 
ducting a preliminary trial by 
analyzing the width of cast 
model and using cephalomet-
ric measurements. 
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Intervention and primary outcome measure-
ments

All participants were treated with customized 
lingual appliances (3M IncognitoTM) which were 
bonded on teeth with indirect bonding meth-

Craniofacial spiral CT data (GE MEDICAL SY- 
STEMS/LightSpeedw VCT) of a volunteer with 
normal occlusion were collected (scan param-
eters 120 kV, 125 mA) as previously reported 
[21]. The data were imported into the MI- 
MICS 11.0 software to generate the CAD mod- 
el and the solid body information was saved  
in the IGES file format. Next, the IGES file for-
mat of the model was loaded into ANSYS soft-
ware (version 11.0, ANSYS Inc., Canonsburg, 
Pennsylvania, USA). The model was meshed, 
consisting of 372,225 nodes and 256,739 
units (Table 1). The tooth-PDL-lingual applian- 
ce model, tooth-PDL-maxilla-lingual appliance 
model and lingual appliance FE model were 
established.

Figure 2. Clinical features of lingual orthodontics in space closure stage and 
the evaluation items in dental cast records and cepholometric analysis. A. 
Clinical orthodontic example of lingual orthodontics with 4 first premolars 
extraction to retract anterior teeth. B. Measurements Index, ICW, inter-ca-
nine-width, IPW, inter-premolar-width, IMW1, inter-first molar width, IMW2, 
inter-second molar width, UI, upper incisor, SN, sella nasion plane, pp, pala-
tal plane.

ods. The magnitude of forces 
applied in clinical settings 
was 1.5 N measured by  
dynamometer through Power- 
chain (OrmcoTM). The applica-
tion of force was by the same 
doctor to assure uniformity. 
Dental casts and cephalo- 
metric films were obtained 
before space closure, after 2 
months of single palatal for- 
ce application and then at 4 
months of “double cable” me- 
chanics application (Figure 
2A). Inter-canine width (ICW, 
the distance between cusp  
on each sides), inter-premol- 
ar width (IPW, the distance 
between buccal cusp on  
each sides), inter-first-molar 
width (IMW1, the distance 
between buccal cusp on ea- 
ch sides) and inter-second-
molar width (IMW2) were 
measured on the dental ca- 
sts (Figure 2B). The degree  
of upper incisor to SN plane 
(UI-SN), and the distance of 
upper first molar to palatal 
plane (UM-PP), upper incisor 
to pterrygomaxillary fissure 
(UIPTV) and upper molar to 
pterrygomaxillary fissure (UM- 
PTV) were measured (Figure 
2B).

Establishment of the model

Table 1. Number of nodes and elements in 
the components of finite element model

Nodes (n) Elements (n)
Bracket 16,759 7,893
Wire 13,038 5872
Teeth 173,353 112,554
Maxilla 133,633 78,410
PDL 105,798 52,010
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Table 2. Properties assigned to the alveolar 
bone, tooth, PDL, bracket and wire

 Young’s  
modulus (MPa)

Poisson’s 
ratio

Alveolar bone 137,000 0.30
Tooth 203,000 0.30
PDL 50.0 0.49
Bracket 97,200 0.33
Wire (stainless steel) 206,000 0.30

Biomechanical parameters of the material and 
mechanical loading

The boundary conditions we used is: The supe-
rior border of the maxilla was restricted with no 
displacement. The medium between tooth and 
PDL, archwire and bracket, bracket and tooth 
were bonded relationship, i.e. displacement of 
the shared point is the same with force applica-
tion, however the stress on different sides can 
be varied.

According to previous studies, all materials 
were assumed to be homogeneous, isotropic, 
and linearly elastic. The material properties 
were established as follows according to previ-
ous study [22] (Table 2).

Two loading patterns were applied: (1) single 
palatal force application (0.75 N, 1.0 N, 1.5 N) 
and, (2) palatal (P) plus buccal (B) force applica-
tion (P 1.0 N + B 0.5 N, P 0.75 N + B 0.75 N, P 
0.5 N + B 1.0 N).

Tooth movement trends were measured in the 
3D coordinates, which were based on the oc- 
clusal plane: X-axis (transverse plane), y-axis 
(sagittal plane) and z-axis (vertical plane). The 
von-Mises stress distribution was measured  
for analyzing the concentrations of stress aro- 
und the root with different force applications. 

Statistical analysis

Numerical variables were given as mean ± 
standard deviation (SD) and compared using 
means. SPSS for Windows (version 21.0, IBM, 
Chicago, IL) was used for statistic analysis. 
Student t-test and one-way ANOVA were ap- 
plied to evaluate the changes of measure- 
ments and a two-tailed p-value <0.05 was  
considered statistically significant.

Results

Single lingual retraction force caused both, 
vertical and horizontal “bowing effects” in the 
clinic

The data of twenty participated patients were 
pooled into analysis. After single lingual retrac-
tion for 2 months, both inter premolar width 
(IPW) and the inter-molar width (IMW1, IMW2) 
were reduced (Figure 3A). We used the ratio of 
inter premolar width to inter-molar width for 
evaluating the “bowing effect”. The ratio of inter 
premolar width to inter second molar width 
(IPW/IMW2) was increased (Figure 3B). These 
data showed that a transverse “bowing effect” 
occurred during single lingual retraction. 

The vertical dimension was evaluated using 
cephalometric analysis. The distances from the 
upper incisors to palatal plane (UIPP) and upper 
molars to the palatal plane (UMPP) increased 
after lingual retraction for 2 months (Figure 
3C). The posterior and anterior teeth extrusion 
showed that a vertical “bowing effect” occurred 
during application of a single palatal force for 
retraction. Collectively, both transverse and 
vertical “bowing effects” were noticed clinically 
after single palatal force application for 2 
months.

Both vertical and horizontal “bowing effects” 
were confirmed in the FE model by using 
single lingual retraction force 

In order to mimic the clinical situation, we gen-
erated the FE model (Figure 4), in which the 
trends of each tooth movement could be 
observed in three dimensions after loading 
with retraction forces. In addition, the displace-
ments in distance could be evaluated for each 
tooth. 

In the transverse dimension, the bicuspid 
expansion and molar restriction movements 
increased with augmentation of force, as shown 
in the x-axis view (Figure 5A and 5B). In the sag-
ittal dimension, the incisors distal movement, 
canine distal movement and molar mesial 
movement increased with augmentation of 
force, as shown in y-axis view (Figure 5C and 
5D). In the vertical dimension, the canine tip-
ping movement, bicuspid intrusion movement, 
and incisors extrusion movement increased 
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with the augmentation of force, as shown in the 
z-axis view (Figure 6A and 6B). 

The von-Mises stress distribution showed that 
the canine and molar max von-Mises stress 
increased with augmentation of the single pala-
tal force application. While there was only a 
small change in max von-Mises stress on inci-
sors when palatal force application increased 
from 0.75 N to 1.00 N, it increased rapidly 
when force application rose to 1.50 N (Figure 
6C and 6D).

The “double cable” mechanics prevented the 
“bowing effect” 

Since the single palatal retracting force result-
ed in a transverse and vertical “bowing effect”, 
we tried the “double cable” mechanics, which 
was also used for space closure in lingual ortho-
dontics. The “double cable” mechanics was to 
apply elastomeric chains from canine to second 
molars on both, buccal and lingual sides in the 
clinic and we mimicked this process in the FE 
model (Figure 7A and 7B). 

Figure 3. Clinical changes after two-month of single palatal force application and four months of “double cable” 
mechanics application. A. After two-month of single palatal force application, inter-premolar width (IPW) and the 
inter-molar width (IMW1, IMW2) decreased; inter-premolar width (IPW) decreased and the inter-molar width (IMW1, 
IMW2) increased with four months of “double cable” mechanics application. B. The inter-premolar width to the 
inter-second molars width ratio (IPW/IMW2) increased after two-month of single palatal force application. The inter-
premolar width to the inter-second-molars width ratio (IPW/IMW2) decreased with four months of “double cable” 
mechanics application. C. The distances from the upper incisors to palatal plane (UIPP) and upper molars to the 
palatal plane (UMPP) increased after two-month of single palatal force application. The distances from the upper 
incisors to palatal plane (UIPP) was controlled with four months of “double cable” mechanics application.

Figure 4. Establishment of the entity 3-D finite element model of lingual appliance. A. Tooth-PDL-Lingual appliance 
entity model. B. Tooth-PDL-Maxilla-Lingual Appliance entity model. C. Lingual appliance FE model.
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Compared to single palatal retraction, the 
trends in tooth movements changed markedly, 
as assessed by the 3D FE model. In the trans-
verse dimension, the x-axis view showed that 
the canine rotation, inter premolar expansion, 
and inter-molar contraction movements de- 
creased with the decline in palatal force and 
increase in buccal force application. When  
the buccal force exceeded the lingual force,  
the inter-premolars had a contraction trend. 
Meanwhile, expansion movements in the inter-
lateral incisors increased with the decline in 
palatal force and increase in buccal force appli-
cation (Figure 8A and 8B). In the sagittal dimen-
sion, the y-axis view showed that canine tipp- 
ing, premolar tipping and incisor inclination 
movements decreased with a decline in palatal 

force and increase in buccal force application 
(Figure 8C and 8D). In the vertical dimension, 
the z-axis view showed that molar extrusion, 
canine intrusion and incisor intrusion move-
ments decreased with a decline in palatal force 
and increase in buccal force application (Figure 
9A and 9B).

The von-Mises stress distribution showed that 
single palatal force application would induce 
the concentrated stress distribution in the api-
cal and cervical area of the canine. With the 
application of both palatal and labial force, the 
area of concentrated stress distribution de- 
creased (Figure 9C). We also found that the 
canine and molar max von-Mises stress in- 
creased with the augmentation of single pala-

Figure 5. Transverse and sagittal tooth movement tendency and amount of changes in tooth displacement with 
different single palatal force application. A and B. Transverse tooth movement tendency and amount of changes (x-
axis). The canine rotation, inter-bicuspids expansion and inter-molar contraction movement increased with the aug-
mentation of single palatal force. C and D. Sagittal tooth movement tendency and amount of changes (y-axis). The 
incisor distal, canine distal and molar mesial movement increased with the augmentation of single palatal force.



3D FEM translational study on lingual orthodontics

126 Am J Transl Res 2019;11(1):120-130

tal force application. While there was a small 
change in max von-Mises stress distribution on 
the incisors when palatal force application 
increased from 0.75 N to 1.00 N, it increased 
rapidly when force application rose to 1.50 N 
(Figure 9D).

Application of “double cable” mechanics for 
4 months corrected the “bowing effect” in the 
clinic

The FE model showed that “double cable” 
mechanics with a higher buccal retraction force 
would prevent the “bowing effect”. Hence, we 
applied double cable mechanics clinically. Aft- 
er 4 months of double cable retraction, the 
cephalometric film and dental cast were re-

evaluated. The Inter premolar width (IPW), IPW/
IMW1 and IPW/IMW2 decreased while the inter 
molar width (IMW1, IMW2) increased (Figure 
3A and 3B). These data showed that the tr- 
ansverse “bowing effect” was corrected after 
4-month of double cable retraction. Moreover, 
the distances from the upper incisor to the pal-
atal plane (UIPP) was controlled (Figure 3C). 
These data showed that both the transverse 
and vertical “bowing effects” were prevented 
and corrected after application of the “double 
cable” mechanics. 

Discussion

Advancements in computational techniques 
such as the finite element methods, which  

Figure 6. Vertical tooth movement and von-Mises stress distribution tendencies and amount of changes with dif-
ferent single palatal force application. A and B. Vertical movement tendency and amount of changes (z-axis). The 
canine tipping, bicuspids intrusion and incisors extrusion movement increased with the augmentation of single 
palatal force. C and D. von-Mises stress distribution. The canine, molar and incisor max von-mises stress increased 
with the augmentation of single palatal force.
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have created useful models in industry by  
predicting the initial response without the  
need of remodeling, have been widely used in 
the dental field [23-26]. However, whether 

these methods can be translated into clini- 
cal practice is unknown. Translational medi- 
cal research has attracted more attention  
in recent years, aiming to fill the huge gap 

Figure 7. Clinical features of the “double cable” mechanic and its simulation in 3-D FE model. A. Clinical example 
of the “double cable” mechanics. B. The sites of the force application in clinical situation and its simulation in the 
3-D FE model.

Figure 8. Transverse and sagittal tooth movement tendency and amount of changes in tooth displacement with 
different “double cable” mechanics application. A and B. Transverse tooth movement tendency and amount of 
changes (x-axis). The canine rotation, inter-bicuspids expansion and inter-molar contraction movement decreased 
with the augmentation of buccal force and reduction of palatal force. C and D. Sagittal tooth movement tendency 
and amount of changes (y-axis). The incisor distal, canine distal and molar mesial movement decreased with the 
augmentation of buccal force and reduction of palatal force.
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between research and clinical practice [27,  
28]. Here we showed that the application  
of “double cable” mechanics could prevent  
and correct the “bowing effect” in clinical si- 
tuations as observed in 3-D finite element 
analysis.

In this study, we used realistic anatomy based 
CT data to construct a 3-D finite element model 
including the dentition, periodontal ligament, 
alveolar bone and the lingual orthodontic appli-
ance. Merging these complex systems created 
a model that may provide answers to clinically 
relevant questions. 

We focused on the space closure stage and 
analyzed the biomechanical properties of slid-
ing mechanics in lingual orthodontics. We 
observed that the commonly occurred “bowing 

effect” was not a single tooth distortion, but a 
series of unwanted tooth movements in denti-
tion during this stage, which can hamper the 
efficiency of lingual orthodontics [7]. Hence,  
in the current study, we evaluated whether 
application of the widely used “double cable” 
mechanics can avoid the “bowing effect” in lin-
gual orthodontics.

In the 3-D FE model, and stress distribution in 
the PDL were analyzed using different loading 
conditions. When a single palatal force was 
applied, trends of unwanted tooth movements 
occurred, i.e. inclination of anterior teeth, 
expansion of premolars and intrusion of molars 
(the “bowing effect”). However, when “double 
cable” mechanics was applied, the “bowing 
effects” were prevented. Moreover, from a 
translational point of view, an imbalanced 

Figure 9. Vertical tooth movement and von-Mises stress distribution tendencies and amount of changes with differ-
ent “double cable” mechanics application. A and B. Vertical movement tendency and amount of changes (z-axis). 
The canine tipping, bicuspids intrusion and incisors extrusion movement decreased with the augmentation of buc-
cal force and reduction of palatal force. C and D. von-Mises stress distribution. The canine, molar and incisor max 
von-mises stress decreased with the augmentation of buccal force and reduction of palatal force. 
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stress distribution may cause root resorption, 
which is a main side effect during orthodontic 
treatment in clinical situation. The von-Mises 
stress distribution analysis, which indicated the 
force received by the roots, showed that there 
was a more balanced stress distribution in PDL 
when the “double cable” mechanics was 
applied (Figure 9C and 9D). 

The 3-D FE analysis is to predict the tendencies 
of tooth movements in three dimensions, yet 
orthodontic tooth movement is a complicat- 
ed biological event. The predictions may vary  
in clinical situations, thus we then translat- 
ed these findings into practice by testing the 
use of “double cable” mechanics in clinical 
situations. 

For in clinical circumstances, if significant sta-
tistical findings were noted, it often implicated 
that serious clinical side effects have occurred, 
which would be difficult to be corrected or even 
caused the failure of treatment. Thus, seeking 
for significant difference in clinical situations 
was not the priority of our purpose. Instead, for 
the safety of the participants, we try to identify 
the trends rather than significant changes in 
the clinical trial. Our preliminary results indicat-
ed the trend of “bowing effect” after 2 months 
of single palatal force application. Specifically, 
during the course of orthodontic treatment with 
tooth extraction, the IPW will be reduced. When 
concerning to the “bowing effect”, the reduc-
tion of IPW would be slowed down. Thus, the 
more reduction of IPW after application of “dou-
ble cable” mechanics for 4 months can be con-
sidered as an improvement. Moreover, the 
other indexes also indicated that there were 
tendencies of reduced “bowing effect” in this 
stage. 

Based on the results of this translational 
research, both buccal and lingual forces should 
be applied during the space closure in LiO  
to prevent and correct the “bowing effect”. 
Moreover, the magnitude of buccal force should 
not be lower than the force on lingual side.
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